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Janet L. Maryanski,*³ C. Victor Jongeneel,* T cells to respond to a wide variety of foreign antigens
Philipp Bucher,² Jean-Laurent Casanova,*§ (Davis and Bjorkman, 1988).
and Paul R. Walker*‖ From various studies, it appears that TCR repertoires
*Ludwig Institute for Cancer Research selected in response to defined peptide±MHC antigenic
Lausanne Branch complexes can vary from relatively limited to extremely
Swiss Institute for Experimental Cancer Research diverse (reviewed by Casanova and Maryanski, 1993).
1066 Epalinges While there are structural constraints that determine
Switzerland which particular TCRs can recognize a given peptide±
MHC antigenic complex, little is known about how other
factors might shape the TCR repertoire. Moreover, few
experimental approaches are available to evaluate theSummary
size, complexity, and stability of TCR repertoires se-
lected by antigen in individual responder animals.Taking advantage of a potent MHC class I±restricted
Many studies of antigen-selected TCR repertoiresresponse that allows the identification of antigen-
have analyzed T cell clones or T hybridomas, where inselected CD8 T cells directly ex vivo, we characterized
the antigen-specific T cell repertoires that develop in vitro manipulation and functional assays may introduce
individual mice by single-cell PCR analysis. Each of unknown biases. Direct ex vivo approaches face diffi-
the immune mice displayed distinct yet structurally culties in distinguishing antigen-specific T cells from
similar TCR repertoires. The overall repertoire size irrelevant ones such as bystander cells that may be
was estimated to be in the range of 15±20 for most recruited during the response. An elegant approach first
mice. No major differences were observed between developed for B cells involves the identification of anti-
primary and secondary responses. Moreover, for a gen-specific cells by a combination of direct antigen-
hyperimmunized mouse the antigen-specific TCR rep- binding and multiparameter flow cytometry, followed by
ertoire expressed 8 months after the initial immuniza- cell sorting (2±4 sorted cells per sample), and polymer-
tion was very similar to that found at the peak of the ase chain reaction (PCR) amplification of sequences
primary response. Our results demonstrate that a high corresponding to rearranged immunoglobulin genes
magnitude immune response may be composed of (McHeyzer-Williams et al., 1993). Similar approaches
very few clones, and that at least in the system ana- have recently been applied to study specific T cells in
lyzed, the memory response largely reflects the reper- the MHC class II±restricted response to pigeon cyto-
toire selected by the peak of the primary response. chrome C (PCC) (McHeyzer-Williams and Davis, 1995;
Zheng et al., 1994). In this response, a high proportion
Introduction (>70%) of antigen-specific T cells express a Va11Vb3
TCR heterodimer that can be detected by the appro-
Individual CD8 T cells express distinct cell surface T cell priate monoclonal antibodies (MAbs). In combination
receptors (TCRs) that specifically recognize antigen in with other markers known to characterize activated T
the form of a molecular complex between a major histo- cells, a small population of antigen-specific T cells (less
compatibility complex (MHC) class I molecule and a than 0.1% of the T cells) could be identified and sorted
short antigenic peptide (Townsend et al., 1986; as single cells by flow cytometry for amplification and
Rotzschke et al., 1990). The TCR is expressed as an a/b sequencing of TCRs (McHeyzer-Williams and Davis,
heterodimeric integral membrane protein (reviewed by 1995). Alternatively, material from single cells was ob-
Davis and Bjorkman, 1988). Each chain of the TCR con- tained by micromanipulation from histological sections
tains a variable (Va, Vb) region important for the specific- (Zheng et al., 1994). Since the mice were sacrificed for
ity of antigen recognition. The final sequence of each each experiment to obtain the draining lymph nodes,
V domain results from the somatic rearrangement and
kinetic studies could not be performed on the same
imprecise joining of the numerous germline V, (diverse
individuals.
[D] for b only), and joining (J) segments, and from the
We have recently described a potent MHC class
addition of N nucleotides and P nucleotides. Further
I±restricted response during which CD8 T cells specific
diversity is contributed by a/b pairing combinations. It
for a particular peptide±MHC complex can be readilyhas been estimated that the potential repertoire of ab
identified not only in peripheral lymphoid organs butTCRs exceeds 1015, which presumably allows peripheral
also in PBL allowing longitudinal analysis (Casanova et
al., 1992; MacDonald et al., 1993; Maryanski et al., 1986).
DBA/2 mice injected with syngeneic (H-2d) P815 cells³Present address: Laboratory of Cellular and Molecular Biology,
Ecole Normale SupeÂ rieure de Lyon, 46, AlleÂ e d'Italie, 69364 Lyon transfected with the HLA-CW3 gene (P815-CW3 cells)
Cedex 07, France. respond primarily against the CW3 170±179 epitope pre-
§ Institut National de la SanteÂ et de la Recherche MeÂ dicale U429, sented by the H-2Kd molecule. CW3-specific CTL clones
HoÃ pital des Enfants Malades, 149, Rue de SeÁ vres, 75743 Paris
isolated from such mice display an extremely limitedCedex 15, France.
repertoire, including an apparently exclusive usage of‖ Division d'Onco-HeÂ matologie, HoÃ pital Cantonal Universitaire, Rue
Micheli du Crest 24, 1211 Geneva 14, Switzerland. Vb10 TCRs, and a preferential (60%) usage of the Jb1.2
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gene segment (Casanova et al., 1992, 1993) A substan-
tial expansion of antigen-selected CD8 T cells occurs
during the in vivo response, particularly within the
CD62L2 subset where up to 80% are Vb101 (Walker et
al., 1995). We have now taken advantage of this system
to analyze TCR repertoires selected in individual im-
mune mice by single-cell PCR analysis. Rearranged ge-
nomic DNA from sorted Vb101CD62L2CD81 cells is am-
plified directly by a seminested PCR protocol using
primers specific for Vb10 and Jb1.2. The PCR products
can then be directly sequenced. Since the lymphocytes
were isolated from blood, the same mice could be reana-
lyzed after a secondary challenge of P815-CW3 cells.
Surprisingly, our results suggest that the TCR repertoire
of this potent immune response is already very limited by
the peak of the primary response and remains relatively
stable upon rechallenge.
Results
Strategy for Cell Sorting and
PCR Amplification
PBL from five individual DBA/2 mice were collected at
Figure 1. Flow Cytometric Sorting of Single Cellsthe peak (day 15) of the primary CW3 response and
The staining patterns and sorting schemes are shown for PBL fromtriple-stained with MAbs to Vb10, CD62L, and CD8. As
a representative immune mouse (A) and for PBL from nonimmunizedwe had found previously, immune CD8 cells contained
control mice (B). The cells were stained with MAbs specific for Vb10,higher proportions of CD62L2 cells (45% 6 23.1%) than
CD62L, and CD8. The subpopulations gated as shown were sortedthose from control mice (4.2%). Moreover, the immune as single cells into PCR tubes. Immune PBL were sorted as
CD62L2 subset was highly enriched in Vb101 cells Vb101CD62L2CD81 cells. Normal PBL were first sorted as a pool of
(68.3% 6 8.2%), whereas no enrichment of Vb101 cells CD81 cells, and these were then sorted as single Vb101CD81 cells.
(9.1% 6 0.8%) was evident among the CD62L1 subset.
For each of the five immune mice, PBL gated as
Vb101CD62L2CD81 cells (Figure 1A) were sorted as sin- al., 1992). Aliquots of single Cas20 cells that had been
gle cells into PCR tubes. Owing to the much lower fre- FACS sorted on two separate occasions were subjected
quency of Vb101CD81 cells among PBL from normal to the two-step amplification procedure outlined in Ex-
mice, the cells from unimmunized controls were first perimental Procedures. In a total of four experiments,
enriched by pre-sorting as CD81 cells. These were sub- the mean efficiency of amplification was 70% 6 7.6%
sequently sorted as single Vb101CD81 cells (Figure 1B). (87 positives out of 123 cells). All of 56 control samples
Because of the relative rarity of CD62L2 cells among without cells were negative. Moreover, similar controls
normal CD81 cells (Walker et al., 1995), no attempt was
included in amplification experiments involving sorted
made to use this marker during the selection.
lymphocytes (460 controls in 23 experiments) were al-
Our strategy for amplifying Vb10 TCR sequences from
ways negative.
single cells was adapted from a method described by
KuÈ ppers et al. (1993) for the analysis of immunoglobulin
TCR Sequences Amplified from Singlerearrangements expressed in individual B cells. Amplifi-
Vb101CD62L2CD81 Cells Sorted fromcation of rearranged sequences was performed directly
Individual CW3-Immune Micefrom genomic DNA to avoid the extra steps necessary
From the five immune mice, individual Vb101CD62L2for the preparation of RNA and cDNA, and to avoid
CD81 cells from primary and secondary responses werebiases due to unequal quantities of TCR mRNA that
subjected to the seminested Vb10±Jb1.2 PCR amplifica-might be expressed by different cells. However, this
tion protocol. From 821 single cells, 177 positive PCRprecluded utilization of a single Cb-specific primer, re-
products (21.6%) were obtained. All were found to bequiring instead those specific for the various Jb seg-
in-frame within the region sequenced. The majority ofments. Since 60% (18 of 30) of the Vb10 TCRs expressed
these sequences (146 out of 177; 82.5%) containedVb10by the CW3-specific CTL clones that we characterized
to Jb1.2 gene rearrangements, as expected. The otherwere rearranged to the Jb1.2 gene segment (Casanova
31 PCR products migrated more slowly on the 2% aga-et al., 1993) we chose to amplify only Vb10±Jb1.2 se-
rose gel. Sequence analysis confirmed that they corre-quences in this first study on single cells. We performed
sponded to Vb10 to Jb1.1 rearrangements, and thata seminested two-step PCR using two different Vb10-
these longer PCR products were indeed amplified fromspecific primers, and a single one for Jb1.2, as detailed
the Jb1.2 sequence that is located less than 100 bpin Experimental Procedures.
downstream from Jb1.1 (Gascoigne et al., 1984).
The deduced amino acid sequences for the CDR3Efficiency of Vb10/Jb1.2 PCR Amplification
regions of the 146 Vb10±Jb1.2 TCRs amplified from thefrom Single Cells
five immune mice are shown in Figure 2, beginning withPilot experiments were performed with the Cas20 CTL
clone that expresses a Vb10±Jb1.2 TCR (Casanova et residue 95 according to the convention of Chothia et al.
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Figure 3. CDR3 Sequences of Vb10±Jb1.2 TCRs Expressed by
CW3-Specific CTL Clones
The b chain CDR3 regions of previously characterized (Casanova
et al., 1992, 1993) and additional (PED 3, PED 11) CW3-specific CTL
clones that express Vb10±Jb1.2 TCRs is shown. The clones are
considered independent either because they originate from different
mice, or if from the same pool of mice they express distinct NS
Figure 2. Vb10±Jb1.2 TCRs Expressed by Single Vb101CD62L2 (Figure 7).
CD8 T Cells Sorted from Individual CW3-Immune Mice
DBA/2 mice (5) were injected twice with P815-CW3 transfectant
cells over a 2 month interval. The mice were bled 15 days after the
(1988). The flanking framework residues 92±94 were CASfirst injection and 12 days after the second injection, corresponding
to primary and secondary responses, respectively. PBL were for all but one sequence (NS 9d SQGSDY in mouse 5)
stained, and single Vb101CD62L2 CD8 T cells were sorted into where it was CAI (data not shown). For comparison, theindividual PCR tubes for amplification with Vb10 and Jb1.2 primers,
CDR3 regions of 20 CW3-specific CTL clones that alsoas described in Experimental Procedures. The sequences shown
represent the deduced amino acid sequences of the CDR3 regions express a Vb10±Jb1.2 TCR are shown in Figure 3. The
beginning with residue 95 (Chothia et al., 1988) of amplified PCR CDR3 regions found in the sorted cells are quite similarproducts that were rearranged to the Jb1.2 gene segment. The
to those found in the long-term CW3-specific CTLnucleotide sequences (NS) are shown in Figure 7. For each mouse,
identical amino acid sequences found in both the primary and sec- clones, in that most are 6 aa in length and most display
ondary responses and encoded by the same NS are shown on the a non-V-, non-J-encoded Gly residue at position 97.
same line. Both the number of cells found to express an identical
There are a few exceptions, however, in this large col-NS for a given animal within the same response (primary or second-
ary), and its calculated percent of the Jb1.2 sequences amplified lection of sequences. For example, one sequence
are shown to the right of the relevant CDR3 sequences. For each (SFSSDY) found repeatedly in the primary and second-
set of data, the proportion amplified is shown both as a fraction
ary response of mouse 5 has a Ser instead of Gly atindicating the number of Jb1.2 PCR products obtained out of the
total number of cells analyzed, and as a calculated percentage. position 97. Moreover, several sequences in this series
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mouse 5, the repertoire size estimated after hyperim-
munization (6±7 clones) was similar to that found in the
primary response (5±6 clones) (Figure 4).
As mentioned above, 31 of the amplified Vb10 se-
quences were found to be rearranged to the Jb1.1 gene
segment instead of Jb1.2. The CDR3 regions of these
sequences are shown in Figure 5. Most express a CDR3
region of 6 aa residues, and all but one sequence en-
codes a Gly at position 97. Thus, most of these Vb10±
Jb1.1 rearrangements resemble TCRs expressed by
CW3-specific CTL clones (Casanova et al., 1992, 1993).
For mouse 1, two of the sequences were found in both
the primary and secondary response.
TCR Sequences of Single Vb101CD81 Cells
Sorted from Unimmunized MiceFigure 4. Small Size of the Vb10±Jb1.2 TCR Repertoire Expanded
Single Vb101CD81 cells sorted from age-matched non-in Individual CW3-Immune Mice
immune DBA/2 mice were also subjected to the sem-The median estimate (X) and 95% confidence intervals of the size
inested PCR amplification procedure with primers spe-of the Vb10-Jb1.2 TCR repertoire is shown for the primary (18) and
cific for Vb10 and Jb1.2 (Figure 6). Positive PCRsecondary (28) responses of individual mice (numbers 1±5), except
for mouse 4, where only the primary response was analyzed. The products were found for only 13 cells out of 188 tested
calculations for hyperimmunized mouse 5 are also shown (48). These (6.9%). Moreover, only 3 (1.6% of the sorted cells) of
were calculated as described in Experimental Procedures using the these sequences (23% of thepositives) corresponded to
data shown in Figure 2. Vb10 to Jb1.2 gene rearrangements. A higher proportion
(54%) utilized theJb1.1 gene segment. This is in contrast
with cells sorted from immune mice where most (84%)of sorted cells encode Vb10 TCRs with a CDR3 length
of the amplified Vb10 sequences (18.3% of the sortedof 7 aa. One of these (SYGISDY) represents about one-
cells) were rearranged to a Jb1.2 gene segment, andthird of both the primary (3 of 11) and the secondary (9
only 16% utilized the Jb1.1 element. These results areof 27) sequences from mouse 5.
in accordance with our analysis of CW3-specific CTLIn all five mice, certain sequences were found repeat-
clones, in which the CW3 TCR repertoire appeared to beedly among sorted cells from the same animal (see Fig-
highly skewed towards usage of the Jb1.2gene segmenture 2). These most likely represent clonal expansions.
(Casanova et al., 1992, 1993). Three Vb10 sequencesMoreover, many of these sequences were found in both
amplified from the cells sorted from nonimmune micethe primary and secondary response. For each of the
corresponded to rearrangements to other Jb segments,four mice analyzed after a second injection of P815-
presumably owing to cross-hybridization with the Jb1.2-CW3 cells, between 67% and 79% of the amplified
specific primer (Figure 6). All of the 13 sequences ampli-Vb10±Jb1.2 sequences, representing only 3±5 different
fied from normal PBL were different from each othernucleic acid sequences, were identical to those found
in the primary response of the same animal. Likewise,
between 44%±100% of those amplified in the primary
response were also found in the secondary response.
One of the mice (number 5) was hyperimmunized by
reinjection of P815-CW3 transfectant cells a third and
fourth time, at approximately 5 and 9 months, respec-
tively, after the primary immunization. PBL collected on
day 15 after the fourth injection were sorted as single
Vb101CD62L2CD81 cells, and amplified as before. Posi-
tive PCR products were obtained from 13 out of 96 cells,
and all were rearranged to Jb1.2. All but one cell (Figure
7, sequence 31a) expressed sequences that were al-
ready present in the previous analyses of the same
mouse. Cells expressing sequences 24a, 27a, 6a, 9a,
and 2e were found at frequencies of 7.7, 15.4, 30.8, 30.8,
and 7.7 %, respectively (see Figure 2; data not shown).
Thus, approximately 85% of the Vb10±Jb1.2 cells sorted
from this hyperimmunized animal were already present
in the primary response.
The number of TCR sequences determined for each
animal was sufficient to estimate the number of Vb10±
Jb1.2 clones contributing to the CW3 response (Figure Figure 5. Vb10±Jb1.1 TCRs Amplified from CW3-Immune Mice
4). This ranged from 5±20 (10.9 6 6.4) for the primary Sequences amplified during the same experiments presented in
responses of the five mice, and from 6±10 (9 6 1.9) for Figure 2, but found to express a Vb10 TCR rearranged to the Jb1.1
gene segment instead of Jb1.2 are shown.the four mice analyzed in the secondary response. For
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during these studies, only one sample out of approxi-
mately 1000 cells amplified from immune or nonimmune
mice was identical to the Cas20 sequence. While we
cannot exclude that this arose from contamination, it
may well represent an independent occurrence of the
same sequence in a different CW3-immune mouse. We
have previously described examples of identical b chain
sequences expressed by CTL clones derived from differ-
ent CW3-immune mice, where their independence could
be further confirmed by the expression of different a
chains (Casanova et al., 1992, 1993). Third, twenty-nine
PCR products amplified from sorted CW3-immune PBL
were found to contain sequences identical to six pre-
viously characterized CTL clones (Figures 2, 3, and 7).
We can reasonably exclude the possibility that these
represent contaminants from the CTL clones, since nei-
ther the cells nor genetic material derived from these
CTL clones was handled during the present study.
Our approach was based on the assumption that anti-
gen-selected cells in the CW3 response could be identi-Figure 6. Vb10 TCRs Amplified from Nonimmune DBA/2 Mice
fied primarily by cell surface phenotype. This seemedSingle Vb101 CD8 T cells sorted from normal DBA/2 mice were
likely in view of the overwhelming expansion of CD8 Tamplified with the same primers used for the experiments in Figures
cells of the Vb101CD62L2 phenotype in CW3 immune1 and 4. The CDR3 sequences of the 13 PCR products amplified
from 188 total cells are shown. The Jb segments were assigned animals (Walker et al., 1995) and the exclusive usage of
according to known genomic sequences (Kavaler et al., 1984; Siu Vb10 TCRs among CW3-specific CTL clones (Casanova
et al., 1984). et al., 1992, 1993). This assumption has been confirmed
by our results, which reveal a high degree of similarity
between Vb10 TCR sequences expressed by the sorted
(Figure 6), and from the Vb10 sequences determined Vb101CD62L2 CD8 T cells from CW3 immune mice, and
for antigen-selected cells sorted from the CW3-immune those expressed by the CW3-specific CTL clones. In
mice (see Figure 3). many cases, identical nucleic acid sequences were
found to be expressed by several cells in an individual
Discussion mouse, probably representing clonal expansions. Iden-
tical sequences were found not only in the same PBL
This study analyzes the development of an antigen- sample, but also in samples taken 2 months apart from
selected TCR repertoire in individual animals by a single- the same individual mice, or over an 8 month period
cell PCR approach. Most repertoire studies have relied of time in a hyperimmunized animal. Thus, our results
on the characterization of T cell clones or T hybridomas demonstrate the feasibility of following the development
in which in vitro manipulation may introduce unknown of an antigen-selected TCR repertoire in individual mice
biases. Moreover, kinetic studies are precluded in mod- over time.
els requiring sacrifice of the animal toobtain appropriate Most (129 of 146) of the Vb10±Jb1.2 sequences ampli-
lymphoid tissue for T cell cloning or cell fusion. The fied from single cells sorted from CW3-immune mice
present study was performed on lymphocytes isolated encoded CDR3 regions of 6 aa in length, as had been
from peripheral blood, thus permitting repeated sam- found for the CTL clones (Casanova et al., 1992, 1993).
pling from the same animals. PCR amplification of re- Others, such as NS 27a (SYGISDY) from mouse 5, en-
arranged genomic DNA from single cells avoids not only coded CDR3 regions of 7 aa. Only one sequence, NS
a possible bias due to cell-to-cell variations in TCR 24a from the same animal, failed to encode Gly at posi-
mRNA expression, but also various PCR and cloning tion 97, encoding Ser instead. Since these sequences
artifacts mentioned by Ford et al. (1994). Moreover, our were found repeatedly not only in the primary and sec-
method involves the direct sequencing of the amplified ondary responses, but also after hyperimmunization, it
PCR products to reduce the probability of errors due to seems likely that they also belong to the overall CW3-
misincorporation by Taq polymerase (Casanova, 1993). specific repertoire.
As pointed out by KuÈ ppers et al. (1993), methods The amplification of Vb10±Jb1.2 TCR rearrangements
based on the PCR amplification of a single target mole- from single cells by the protocol used in the present
cule of DNA carry an inherent technical risk of contami- study appears to be highly efficient, approximately 70%
nation that can never be formally excluded. Such ap- when tested on a CTL clone. We found that the same set
proaches rely instead on the reproducibility of the of primers also amplifies Vb10 sequences rearranged to
pattern of sequences found. We can present several the Jb1.1 gene segment due to the proximity of the
arguments for the reliability of our results. First, positive downstream Jb1.2 gene segment. The relative usage of
PCR products were never found among the 15±20 blank the two Jb gene segments among Vb10 TCRs expressed
samples (over 400 total) included inevery PCR amplifica- by CD8 T cells in DBA/2 mice is not known. In a recent
tion experiment. Second, although many experiments study of peripheral T cells in C57BL/6 mice (Kato et al.,
1994), it was found that the Jb1.1 gene segment waswith the Cas20 CTL clone were performed intermittently
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present nearly twice as frequently as Jb1.2 among the
TCRs analyzed (Vb2, Vb8.2, and Vb14). Moreover, it was
observed that while the usage of individual Jb elements
varied, this was apparently independent of Vb segment
usage. Based onour analysis of Vb101CD81 cells sorted
from normal nonimmune DBA/2 mice, rearrangements
to Jb1.1 also appear to be more frequent than those to
Jb1.2, by 2- to 3-fold (Figure 6). In contrast, the vast
majority of sequences (82.5%) amplified from CW3-
immune cells were rearranged to the Jb1.2 gene seg-
ment. Our results thus confirm our previous conclusion
based on the analysis of CTL clones that the CW3 reper-
toire is highly skewed towards usage of the Jb1.2 gene
segment.
Does the preferential usage of Jb1.2 among CW3-
specific TCRs have a structural basis? Most of the Vb10±
Jb1.2 sequences preserve the germline-encoded Asp
and Tyr (D and Y) residues as the last 2 aa of the CDR3
region (Figure 2; Casanova et al., 1992, 1993), whereas
for the Vb10±Jb1.1 sequences these are replaced by
germline-encoded Glu and Val (E and V) (Figure 5; Casa-
nova et al., 1992, 1993). CW3-specific TCRs using the
Jb1.4 or Jb2.3 segments preserved a germline-encoded
Glu residue, but this occurs in position 98, rather than
99, of a 6 aa long CDR3 region (Casanova et al., 1992,
1993). It may be significant that most (5 of 7) of the
remaining Jb segments that were not found among 30
CW3-specific CTL clones analyzed (Casanova et al.,
1993) fail to encode the negatively charged Asp or Glu
residues at these positions (Chien et al., 1984; Gas-
coigne et al., 1984).
In agreement with our observations for CW3-specific
CTL clones (Casanova et al., 1992, 1993), a non-V-, non-
J-encoded Gly residue is expressed at position 97 in
the CDR3 region of nearly all the sequences isolated as
CW3-selected cells from immune mice (Figures 1, 4, and
7). In contrast, less than half of the Vb10 sequences
Figure 7. Distinct Vb10±Jb1.2 Nucleotide Sequences of TCRs Ex-
expressed by CD8 T cells from normal DBA/2 mice ex- pressed by CW3-Specific CTL Clones and Single Vb101CD62L2
pressed Gly at this position (Figure 6). It seems unlikely CD8 T Cells Sorted from CW3-Immune Mice
that this simple amino acid residue with only hydrogen The nucleotide sequences correspond to the V±D±J region of Vb10±
for a side chain would have a direct role in antigen Jb1.2 TCRs amplified from single CW3-immune cells (Figure 2), or
expressedby previously describedand additional CW3-specific CTLrecognition. An alternative role might be to provide flexi-
clones (Casanova et al., 1992, 1993; Figure 3). For convenience,bility for a bend in the CDR3 loop. We consider it very
sequences encoding CDR3 lengths of 6 aa or 7 aa are shown in (A)likely that the D1.1 gene segment contributes to the
and (B), respectively. NS refers to the nucleotide sequence codecodon for this residue in most of theCW3-specific Vb10±
defined in Experimental Procedures. The consensus amino acid
Jb1.2 TCRs. Gly is encoded by GGN, and the D1.1 ele- sequence beginning with residue 93 (according to Chothia et al.,
ment sequence is GGGACAGGGGGC (Kavaler et al., 1988) is indicated at the top, and the deduced CDR3 region se-
1984; Siu et al., 1984). quence (beginning with residue 95) for each NS is shown on the
right side. The germline sequences for Vb10 (Hirama et al., 1991)In a recent analysis of human Vb7.1 TCRs selected in
and Jb1.2 (Gascoigne et al., 1984) are shown below each series.the response to a HLA B2705-restricted influenza nu-
cleoprotein epitope (Callan et al., 1995), it was found that
positions 96 and 97 in the CDR3 region were frequently Other T cell responses have been described as oli-
germline encoded. The authors proposed that selection goclonal (Cochet et al., 1992; Hingorani et al., 1993;
for Vb-encoded CDR3 residues might contribute to the Kalams et al., 1994; Masuko et al., 1994; Pantaleo et al.,
preferential Vb usage often observed inT cell responses. 1994; Steinle et al., 1995), but the number of clones
This would not appear to be the case in the CW3 re- involved could not be directly estimated for several rea-
sponse, for two reasons. First, the germline sequence sons. Analysis of TCR repertoire based on RT±PCR am-
of Vb10 contains a STOP codon (TAA) at this position plification may be biased by unequal amounts of TCR
(Figure 7), at least in C57BL/6 mice (Hirama et al., 1991). mRNA in individual T cells. Those based on CDR3 length
Second, the codons and deduced amino acid residues analysis would hide the existence of multiple clones
at position 96 of CW3-specific b chains were found to expressing distinct TCRs with identical length CDR3
be highly variable (Figures 2 and 7; Casanova et al., regions, as occurs in the CW3 response. In vitro stimula-
1992, 1993). Thus, the reason(s) for the restricted usage tion and cloning of antigen-specific T cells may skew
the repertoire compared with that found in vivo.of Vb10 in the CW3 response remains unknown.
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Based on direct sequencing of Vb10 TCRs expressed our present results suggest that this potent immune
response is nevertheless composed of relatively fewin pooled peripheral T cells from CW3 immune mice,
we also argued (MacDonald et al., 1993) that the CW3 antigen-specific clones. It will now be interesting to de-
termine whether this is the case for responses againstresponse seemed to be oligoclonal, but the number of
clones could not be determined. In our present ap- other antigens, and whether parameters such as the
size and long-term stability of antigen-selected TCR rep-proach, the repertoire size may be calculated directly
ex vivo in individual animals under conditions where the ertoires influence the overall outcome of an immune
response, for example after different modes of immuni-antigen-specificity of the T cellsanalyzed is welldefined.
Individual clones can presumably be identified by the zation.
nucleic acid sequence of the Vb10 TCR. Although the
occurrence of different clones that express identical b Experimental Procedures
chains cannot be excluded without an analysis of a
Immunizationschain expression, this would not be expected to occur
Female 10-week-old DBA/2 mice (5) (Harlan CPB, Zeist, the Nether-at a high frequency based on our analysis of CTL clones
lands) were injected intraperitoneally with 2 3 107 viable P815-CW3(Casanova et al., 1992, 1993). The size of the Vb10±Jb1.2
transfectant cells (clone 444/C.9.3.1; Maryanski et al., 1986) grown
TCR repertoire in individual immune mice appears to be as ascites, as described(Walker et al., 1995). The mice were boosted
of the order of 5±20 clones (Figure 4). If the Jb1.2 gene intraperitoneally 9 weeks later with 2 3 106 cells for the secondary
response. Of these mice, one (number 5) was reinjected with 2 3segment is used at the same frequency in individual
107 cells at 20 weeks and at 36 weeks after the initial immunizationmice as was found for CW3-specific CTL clones (60%),
with P815-CW3 cells. Uninjected age-matched DBA/2 mice werethe extrapolated Vb10 repertoire would be nearly twice
used as controls.(1.7 times) that estimated for Vb10±Jb1.2 TCRs, or be-
tween 8±35 clones per mouse. This corresponds re-
Cell Preparation and Sorting
markably well with estimates we made recently using a Individual immune and normal mice were bled from the tail vein,
completely independent method of repertoire analysis and PBL were purified by Ficoll±Hypaque centrifugation (Pharmacia
Biotech AB, Uppsala, Sweden). The cells were stained for three-based on FACS analysis (P. R. W., A. Wilson, P. B., and
color analysis with the following combination of conjugated MAbs:J. L. M., submitted). In that study, we found that the
anti-CD8a±phycoerythrin (PE) (53.6.7, Boehringer Mannheim GmbH,usage of a particular TCR a chain (Va8) among CW3
Mannheim, Federal Republic of Germany), anti-CD62L±fluoresceinantigen-selected Vb101CD62L2 CD8 T cells was ex-
isothiocyanate (FITC) (MEL-14; Gallatin et al., 1983), and anti-Vb10±
tremely variable among individual mice, but remarkably biotin (B21.5; Necker et al., 1991). The latter two conjugates were
stable over time, for up to 1 year. This reproducibility prepared in our laboratory. After washing, the cells were incubated
with streptavidin±Tricolor (Caltag Laboratories, San Francisco, Cali-implied that thevariability was not due to technical error.
fornia) to reveal the biotinylated reagent. The samples were analyzedMoreover, such variability would be expected in an oli-
and sorted as described in the Results section using a FACStargoclonal response, and a statistical approach could be
Plus equipped with LYSIS II software (Becton Dickinson, Mountainused to calculate the repertoire size. By this alternate
View, California). Using the automatic cell deposition unit into indi-
method of TCR analysis, we calculated that the CW3 vidual PCR tubes (MicroAmp, Perkin Elmer, Norwalk, Connecticut)
repertoire for individual immune mice would comprise containing 20 ml of lysis buffer (50 mM KCl, 10 mM Tris±HCl [pH 9],
100 mg/ml gelatin, 1.5 mM MgCl2, 0.01% Triton X-100, and 1 mg/mlapproximately 15±30 Vb101 clones, in very good
5S r RNA), and kept frozen (2208C) until processed. Unstained cellsagreement with the estimates in the present study.
from CTL clone Cas20 (Casanova et al., 1992) were also sorted asA single-cell PCR analysis of TCRs selected during
single cells.the response to PCCappeared to showmodest changes
in CDR3 region sequences between the primary and
PCR Amplification of Genomic DNA
secondary responses (McHeyzer-Williams and Davis, A seminested PCR protocol for the amplification of
1995). However, in that study it was not possible to Vb10±Jb1.2-specific sequences was modified from KuÈ ppers et al.
(1993). Oligonucleotides for the first round of PCR amplification werefollow the same individual mice (or clones) over time,
the following: 59-TCTTGGGCATAGGTGAGTAGTTGTG-39 (Vb10a)as was done in our system. In the present study, we
and 59-AAAGCCTGGTCCCTGAGCCGAAG-39 (Jb1.2 from Cochet etfind little evidence of a major evolution in either the
al., 1992). The nested Vb10 oligonucleotide for the second roundsize or composition of the Vb10±Jb1.2 TCR repertoire
of PCR was 59-CCCTTTGGAGACGGCTGTTTTCC-39 (Vb10b). The
between primary and secondary responses. Remark- Vb10a and Vb10b primers are located within the leader sequence/
ably, even the repertoire of a hyperimmunized animal first intron region and near the 59 end of the Vb10 coding sequence
closely resembled that found in the primary response 8 (Casanova et al., 1992), respectively. Reactions were carried out in
a GeneAmp PCR System 9600 (Perkin Elmer) thermocycler. Prior tomonths earlier. Moreover, we also observed a long-term
amplification, proteinase K (final concentration 250 mg/ml) wasstability of the CW3-specific repertoire in a separate
added to each 20 ml sample containing a single sorted cell, and thestudy that assessed Va8 usage as an indicator of TCR
tubes were incubated for 1 hr at 508C, then 5 min at 958C. A 30 ml
repertoire variability (P. R. W., A. Wilson, P. B., and mixture was added to the same PCR tubes for the first round of
J. L. M., submitted). From these two independent meth- amplification to give the following final concentrations of reagents:
ods of analysis, it thus appears that the TCR repertoire 50 mM KCl, 10 mM Tris±HCl (pH 9), 100 mg/ml gelatin, 2.85 mM
MgCl2, 100 nM each of oligonucleotides Vb10a and Jb1.2, 200 mMin the CW3 response is largely selected and stabilized
each dNTP, and Taq polymerase (Boehringer Mannheim) at 0.5 Uwithin the first 2 weeks of the response.
per sample. The first round of amplification was carried out with anThe CD8 response against P815-CW3 transfectant
initial cycle of 30 s at 958C, 4 min at 598C, and 2 min at 728C, followed
cells is of such high magnitude that the expansion of by 34 cycles of 10 s at 958C, 1 min at 598C, and 30 s at 728C, and
Vb101 cells can be readily detected ex vivo by flow finally 5 min at 728C. For the second round of amplification, 2 ml of
cytometric analysis of peripheral lymphocytes (Casa- the first PCR reaction mixture was added to a 38 ml sample con-
taining the following final concentrations: 50 mM KCl, 10 mM Tris±nova et al., 1992; MacDonald et al., 1993). Paradoxically,
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HCl (pH 9), 100 mg/ml gelatin, 1.75 mM MgCl2, and 100 nM each of
Received September 26, 1995; revised November 12, 1995.oligonucleotides Vb10b and Jb1.2. After a 2 min incubation at 958C,
the temperature was decreased to 728C, and a 10 ml aliquot of the
following (final concentrations) reagents was added: 50 mM KCl, 10 References
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